We investigated whether Kupffer cell phagocytosis is differentially regulated following hypoxia (by breathing hypoxic gas) and traumahemorrhage. We hypothesized that the differences might result from a differential activation of hypoxia-inducible factor (HIF)-1␣ and phosphoinositide 3-kinase (PI3K)/Akt pathway under those conditions. Background: HIF-1␣ is a biologic O 2 sensor enabling adaptation to hypoxia. Studies have shown that under hypoxic conditions, HIF-1␣ enhances macrophage phagocytosis. Trauma-hemorrhage also produces a hypoxic insult with HIF-1␣ activation; however, macrophage phagocytosis is suppressed under those conditions. Thus, signaling molecules other than HIF-1␣ should be taken into consideration in the regulation of macrophage phagocytosis following cellular hypoxia or trauma-hemorrhage. Methods: Male C3H/HeN mice were subjected to sham operation, traumahemorrhage (laparotomy, 90 minutes hemorrhagic shock, MAP 35 Ϯ 5 mm Hg followed by resuscitation) or hypoxia (5% O 2 for 120 minutes). The traumahemorrhage and hypoxia groups received Wortmannin (PI3K inhibitor), YC-1 (HIF-1␣ inhibitor) or vehicle at the time of maximum bleedout in the traumahemorrhage group or at a PaO 2 of 30 mm Hg during hypoxic air inhalation. Mice were killed 2 hours later and samples/cells collected. Results: While the systemic and Kupffer cell hypoxic states were similar in the trauma-hemorrhage and hypoxia groups, phagocytic capacity was suppressed following trauma-hemorrhage but enhanced in the hypoxia group. Kupffer cells from both groups showed increased HIF-1␣ activation, which was prevented by Wortmannin or YC-1 treatment. The increase in Kupffer cell phagocytosis following hypoxemia was also prevented by Wortmannin or YC-1 treatment. Akt activation was suppressed in the trauma-hemorrhage group, but enhanced in the hypoxia group. Wortmannin and YC-1 treatment prevented the increase in Akt activation. Conclusions: These findings indicate that the suppression of Kupffer cell phagocytosis following trauma-hemorrhage is independent of cellular hypoxia and activation of HIF-1␣, but it is possibly related to suppression of the Akt activation.
P hagocytosis is the process by which microbial pathogens are engulfed by macrophages and represents the first line of defense against bacterial infection. 1, 2 As the sites of infection are usually located inside injured tissue with poor perfusion, those effector cells of the innate immune system must be able to maintain phagocytic function under hypoxic conditions. Exposure of cells to hypoxia leads to an increase in the expression of hypoxia-inducible factor-1␣ (HIF-1␣), 3 which binds to HIF-1␤ and induces transcription of various hypoxia related elements that enables cellular adaptation to hypoxia. 4 Evidence suggests that hypoxia enhances macrophage phagocytosis in an HIF-1␣-dependent manner. 5, 6 Furthermore, such HIF-1␣-dependent enhancement of macrophage phagocytosis had not only been tested in cultured cells, but also in vivo by testing cells isolated from animals which had inhaled hypoxic air. 5 In such model, cellular hypoxia was produced by systemic hypoxemia, which was the result of inhaling hypoxic air (henceforth referred to as hypoxia model).
In contrast, trauma-hemorrhage/resuscitation is characterized by decreased hemoglobin and decreased tissue perfusion which often results in insufficient oxygen delivery to the tissue and produces cellular hypoxia, and as a result causes severe immunosuppression. [7] [8] [9] [10] [11] [12] The phagocytic capacity of phagocytes, such as Kupffer cells, is impaired following trauma-hemorrhage. 13 However, our previous studies in heart and liver also showed that HIF-1␣ was up-regulated, but not down-regulated, following trauma-hemorrhage. 14, 15 Thus, it can be postulated that the HIF-1␣ signal transduction pathways are differentially regulated under different conditions of cellular hypoxia (ie, induced by hypoxic gas mixture or trauma-hemorrhage), as phagocytic capacities are improved or impaired, respectively, under those conditions. Phosphoinositide 3-kinase (PI3K) and its downstream signaling molecule, Akt, have been shown to play an important role in regulating phagocytosis. 16 PI3K/Akt is involved in the up-regulation of HIF-1␣ during cellular hypoxia 17 and inhibition of PI3K/Akt blocks the phagocytic capacity of macrophages. 18 It can therefore be postulated that the impact of hypoxia on phagocytosis may be via PI3K/Akt activation and HIF-1␣ induction.
MATERIALS AND METHODS

Mouse Models of Trauma-Hemorrhage and Hypoxia
In this study, we used 2 different models to produce Kupffer cell hypoxia. These 2 models are routinely performed in our laboratory. 19 -21 The severity of Kupffer cell hypoxia produced by these 2 models was evaluated by pimonidazole staining to ensure they were comparable (explained in the following section).
Male C3H/HeN mice, 8-weeks old and weighing 22-25 g (Charles River Laboratories, Wilmington, MA) were fasted overnight before the experiment but were allowed water ad libitum. All experiments were performed in adherence with National Institutes of Health (NIH; Bethesda, MD) "Guidelines for the Care and Use of Laboratory Animals" and approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham (Birmingham, AL).
For the trauma-hemorrhage model, animals were anesthetized with isoflurane (Minrad, Bethlehem, PA) and restrained in a supine position. A 2-cm midline laparotomy was performed, which was then closed in 2 layers with sutures (Ethilon 6/0, Ethicon, Somerville, NJ). Both femoral arteries and a femoral vein were then cannulated with polyethylene-10 tubing (Becton Dickinson, Sparks, MD). Blood pressure was measured via one of the arterial catheters, using a blood pressure analyzer (Micro-Med, Louisville, KY). Upon awakening, the mice were bled rapidly through the other arterial catheter to a mean arterial blood pressure (MAP) of 35 Ϯ 5 mm Hg within 10 minutes. This MAP was maintained by slowly withdrawing more blood to reach a blood loss of 60% of the total blood volume while still maintaining MAP at 35 Ϯ 5 mm Hg (maximum bleedout). The entire hypotension interval was 90 minutes. At the end of that interval, the animals were resuscitated via the venous line with 4 times the shed blood volume, using Ringer lactate. After ligating the blood vessels, catheters were removed; the incisions were flushed with lidocaine and closed with sutures. Sham-operated animals underwent laparotomy and the same groin dissection, which included the cannulation and ligation of the femoral arteries and vein, but neither hemorrhage nor resuscitation was carried out.
For the hypoxia model, the animals were placed in a chamber (35 ϫ 25 ϫ 15 cm) with an inlet and an outlet, through which moist hypoxic gas (95% N 2 -5% O 2 ) flowed at a rate of 5 L/min for 2 hours. The animals were killed at 2 hours after the end of resuscitation or hypoxic air inhalation. To exclude the possibility that the constant airflow in the chamber may affect oxygenation and hydration status of the animals, we compared the hemoglobin and arterial partial pressure of oxygen (PaO 2 ) levels of sham animals placed inside the chamber (with compressed air flowing at a rate of 5 L/min) or in room air in a preliminary study (data not shown). The results showed that there were no differences under those conditions.
Animal Groups
Mice were randomly assigned to sham, trauma-hemorrhage, or hypoxia groups. Each group of animals received Wortmannin (PI3K inhibitor, Sigma, St. Louis, MO), YC-1 (HIF-1␣ inhibitor, A.G. Scientific, San Diego, CA), or vehicle at the time of maximum bleedout or 30 minutes after the induction of hypoxia. In a pilot study, it was determined that the PaO 2 levels consistently dropped to 30 mm Hg at 30 minutes after the onset of hypoxia. In addition, the maximum bleedout time also was usually around 30 minutes. The experimental drugs were given as follows in a volume of 100 L/mouse: Wortmannin 1 mg/Kg body weight (BW) dissolved in normal saline, YC-1 5 mg/Kg BW, dissolved in 1 part ethanol, 1 part Cremophor EL (Fluka, St. Louis, MO), and 4 parts normal saline. The solvent for YC-1 was also used as vehicle.
Measurement of PaO 2 and Hemoglobin
In separate experiments, 100 L of arterial blood was withdrawn into a heparinized syringe at the end of resuscitation or hypoxic air inhalation. The PaO 2 and hemoglobin levels were determined immediately using an OSM hemoximeter (Radiometer, Copenhagen, Denmark).
Preparation of Kupffer Cells
Kupffer cells were isolated as previously described. 22 In brief, the portal vein was catheterized with a 27-gauge needle, and the liver was perfused with 20 mL of Hanks balanced salt solution (HBSS; GIBCO, Grand Island, NY) at 37°C, which was immediately followed by perfusion with 15 mL of 0.05% collagenase IV (Worthington, Lakewood, NJ) in HBSS with 0.5 mM CaCl 2 (Sigma) at 37°C. The liver was then removed and transferred to a Petri dish containing the above mentioned collagenase IV solution. The liver was minced, incubated for 15 minutes at 37°C, and passed through a sterile mesh stainless steel screen into a beaker containing 40 mL of cold HBSS with 10% FBS. The hepatocytes were removed by centrifugation at 50 g for 3 minutes. The residual cell suspension was washed twice by centrifugation at 800 g for 10 minutes at 4°C in HBSS. The cells were then resuspended in complete William's E medium containing 10% FBS and antibiotics (50 U/mL penicillin, 50 g/mL streptomycin, and 20 g/mL gentamycin, all from GIBCO) and layered over 16% Histodenz (Sigma) in HBSS and centrifuged at 3000 g for 45 minutes at 4°C. After removing the nonparenchymal cells from the interface, the cells were washed twice by centrifugation (800 g, 10 minutes, 4°C) in complete William's E medium. The cells were then resuspended in complete RPMI 1640 medium or plated in a 96-well plate at a cell density of 5 ϫ 10 6 cells/mL.
Determination of Kupffer Cell Hypoxia
A Hypoxyprobe-1 kit (Natural Pharmacia International, Burlington, MA) which contains pimonidazole and FITC-conjugated antipimonidazole antibody was used for detection of Kupffer cell hypoxia in vivo. Pimonidazole is known to form a reduced adduct and bind to proteins if intracellular PO 2 is below 10 mm Hg and has been used to characterize cellular or tissue hypoxia. 23 In these studies, cellular hypoxia in vivo was detected by intravenous injection of pimonidazole before sham operation, trauma-hemorrhage, or hypoxia at a dosage of 60 mg/Kg. Upon harvesting, Kupffer cells were prepared as described above, washed and fixed in 70% ethanol. After washing in PBS twice, the cells were blocked with anti-CD16/32 antibody (eBioscience, San Diego, CA) for 15 minutes and stained with APC-conjugated anti-F4/80 antibody or its isotype control (eBioscience). The macrophages were then permeabilized with 0.1% Triton-X100 and stained for 2 hours with FITC-conjugated antipimonidazole antibody or isotype control. Analysis was carried out using a BD LSRII flow cytometer (BD Biosciences, Mountain View, CA) after cells were washed and resuspended in flow cytometry staining buffer (PBS containing 0.1% bovine serum albumin).
Measurement of Activated HIF-l␣ by ELISA
A commercially available ELISA kit was used to measure the levels of activated HIF-l␣ (R&D Systems, Minneapolis, MN). In brief, nuclear extracts of Kupffer cells were prepared by solubilizing cells in lysis buffer provided by the manufacturer and the protein concentrations of each sample were determined using the Bio-Rad D c protein assay (Bio-Rad Laboratories, Hercules, CA). A biotinylated oligonucleotide containing a consensus HIF-1␣ binding site was then incubated with nuclear extracts for 30 minutes. Following incubation, the HIF-1␣-oligonucleotide complex was added to the wells of a plate, which was coated with HIF-1␣ capture antibody. After incubation for 2 hours, the unbound materials were washed away. A standard streptavidin-HRP format was used for detection and the optical densities were read at 450 nm followed by 570 nm subtraction on a spectrophotometer (Bio-Tek Instruments, Winooski, VT).
Measurement of Phospho-Akt by ELISA
The relative amount of phospho-Akt (p-Akt) protein in Kupffer cells was determined using Duoset IC ELISA kit for p-Akt (R&D Systems). Briefly, lysis buffer was prepared according to the manufacturer's instructions and a 96-well microplate was coated with p-Akt capture antibody and incubated overnight at room temperature before use. Isolated Kupffer cells were solubilized in lysis buffer at a concentration of 1 ϫ 10 7 cells/mL and the cell lysates were added into wells at a volume of 100 L/well and incubated for 2 hours. The p-Akt detection antibody was then added to each well after the washing procedure, followed by 2 hours incubation. The relative amount of p-Akt protein was then determined using a standard streptavidin-HRP format and the absorbances were read at 450 nm followed by 570 nm subtraction. The value of p-Akt was normalized to the protein content of each group before statistical analysis.
Kupffer Cell Phagocytosis Assay
Because lysosomes are acidified to kill ingested pathogens following phagocytosis, pHrodo E. coli bioparticle conjugates (Invitrogen Molecular Probes, Eugene, OR) which emit strong fluorescence in acidic surroundings were used to evaluate Kupffer cell phagocytic capacity. For the in vitro phagocytosis assay, the isolated Kupffer cells were plated in a 96-well plate at a density of 5 ϫ 10 6 cells/mL and incubated overnight before 15 g of the particles (dissolved in RPMI 1640 at a concentration of 1 mg/mL) were added to each well. After incubation for another 1 hour, the Kupffer cells were harvested and resuspended in flow cytometry staining buffer. The Kupffer cells were then incubated at 4°C with purified anti-CD16/CD32 Fc blocking antibody for 15 minutes. In the presence of the blocking antibody, the cells were then incubated on ice with APC-conjugated anti-F4/80 antibody for 45 minutes. After washing the cells twice in staining buffer, the cells were resuspended in 200 L of staining buffer and analyzed using the LSRII flow cytometer. The cell populations gated as F4/80-positive were analyzed. Data analysis was carried out using the FACSDiva software (BD Biosciences).
Statistical Analysis
Statistical analysis was performed using Sigma-Stat computer software (SPSS, Chicago, IL). Statistical significance was assumed if probability values of less than 0.05 were obtained. Comparisons between groups were performed using one-way ANOVA followed by Tukey test. Results are expressed as mean Ϯ SEM of 6 animals in each group.
RESULTS
Hemoglobin and PaO 2 Levels Following Trauma-Hemorrhage and Hypoxia
As shown in Figure 1 , mice in the sham and hypoxia groups had a normal hemoglobin level of 14 g/dL. Mice in the traumahemorrhage group, after losing 60% of their circulating blood volume and resuscitation with crystalloid solution, had a hemoglobin level of 5.8 g/dL. In contrast, the PaO 2 levels of sham and trauma-hemorrhage mice were similar and significantly higher than those of the hypoxia group (Fig. 2 ).
Hypoxic Status of Kupffer Cells Following Trauma-Hemorrhage and Hypoxia
The pimonidazole was injected before trauma-hemorrhage and hypoxia procedure. As shown in Figure 3 , approximately 80% of Kupffer cells from trauma-hemorrhage and hypoxemic hypoxia groups were positive for pimonidazole staining, indicating profound hypoxia in those cells. In contrast, less than 15% of Kupffer cells from sham group were hypoxic (Fig. 3 ).
Phagocytic Capacity of Kupffer Cells Following Trauma-Hemorrhage and Hypoxia
Although both of these models produced similar Kupffer cell hypoxia, trauma-hemorrhage and hypoxia differentially affected Kupffer cell in vitro phagocytic capacity (Fig. 4) . Compared with the sham group, trauma-hemorrhage suppressed Kupffer cell phagocytic capacity by 50%. In contrast, cellular hypoxia due to hypoxemia enhanced Kupffer cell phagocytic capacity by almost 40% compared with sham cells (Fig. 4 ).
Activated HIF-1␣ Levels of Kupffer Cells Following Trauma-Hemorrhage and Hypoxia
Since trauma-hemorrhage-induced cellular hypoxia and breathing hypoxic gas-induced cellular hypoxia differentially affected Kupffer cell phagocytic capacity, even though the severity of hypoxia was similar between these 2 groups, we then examined whether there was any difference in the regulation of HIF-1␣ between the groups. Compared with shams, the expression of activated HIF-1␣ was similarly increased following trauma-hemorrhage or hypoxia. Administration of Wortmannin or YC-1 during trauma-hemorrhage or hypoxia normalized activated HIF-1␣ expression to sham levels ( Fig. 5 ).
Effect of Trauma-Hemorrhage and Hypoxia on Kupffer Cell Akt Phosphorylation
As shown in Figure 6 , trauma-hemorrhage-induced hypoxia and breathing hypoxic gas differentially affected Kupffer cell Akt phosphorylation. Following trauma-hemorrhage, the p-Akt levels were significantly decreased compared with shams. In contrast, hypoxia induced a significant increase in p-Akt levels compared with shams. The effects of hypoxia on p-Akt levels were abolished by Wortmannin or YC-1 administration. Furthermore, administration of Wortmannin or YC-1 in sham or trauma-hemorrhage mice did not affect Akt phosphorylation compared with vehicle.
The Effect of P13K/Akt and HIF-1␣ Inhibition on Kupffer Cell Phagocytosis Following Trauma-Hemorrhage and Hypoxia
Following trauma-hemorrhage, Kupffer cell phagocytosis was significantly impaired compared with the sham group (Fig. 7) . In contrast, hypoxia significantly enhanced Kupffer cell phagocytosis compared with shams. Similar to Akt phosphorylation, administration of Wortmannin or YC-1 reduced phagocytosis in the hypoxia group and the levels were similar to shams. Wortmannin or YC-1 did not alter Kupffer cell phagocytosis in the sham or traumahemorrhage groups.
DISCUSSION
The eradication of invading microorganisms depends initially on innate immune response. Phagocytes, such as macrophages, play a key role in innate immunity and are part of the first line of defense as they recognize, ingest, and kill pathogens. However, invasion of pathogens often occurs at the site of tissue injury where blood and O 2 supply are compromised. Therefore, successful control of infection requires phagocytes to function effectively even under a hypoxic environment. HIF-1␣ is a well-known transcription factor that is up-regulated following hypoxia and is recognized to play an essential role in myeloid cell inflammatory response. 24 Peyssonnaux et al compared bacterial killing capacities of wild type, HIF-1␣-null or vHL (von Hippel-Lindau tumor suppressor protein)-null macrophages and demonstrated that HIF-1␣ expression regulates the bactericidal capacity of phagocytes. 6 Furthermore, functional inactivation of HIF-1␣ greatly inhibited cell motility, invasiveness, and adhesion of macrophages. 24 -26 Thus, up-regulation of HIF-1␣ plays an important role in bacterial killing and in inflammatory responses.
Although trauma-hemorrhagic shock creates systemic and cellular hypoxic conditions, our results did not demonstrate an increased phagocytic capacity of Kupffer cells under those conditions. On the contrary, phagocytic capacity was suppressed after trauma-hemorrhage. This raises the question about the role of HIF-1␣ in the regulation of Kupffer cell phagocytosis following trauma-hemorrhage. Accordingly, we compared the similarity of cellular hypoxia between trauma-hemorrhage and the hypoxic animal model used in this study. Although adequate oxygenation of the tissue requires both normal oxygen tension and sufficient hemoglobin, 27, 28 either normal systemic PaO 2 but low hemoglobin level in trauma-hemorrhage model or low PaO 2 but normal hemoglobin level in hypoxemic model could result in tissue/cellular hypoxia. Using pimonidazole as a marker of hypoxia, our results showed that a similar percentage (80%) of the Kupffer cells from traumahemorrhage and hypoxia groups were positive for pimonidazole staining. Thus, a comparable hypoxic status of Kupffer cells was induced in the trauma-hemorrhage and hypoxia models.
Because hypoxia stabilizes HIF-1␣, 29 it was not surprising that the levels of activated HIF-1␣ in Kupffer cells were similarly increased following trauma-hemorrhage and hypoxia. Several studies have shown that increased HIF-1␣ levels contribute to the enhanced bactericidal capacity of myeloid cells following hypoxia. 5, 6 In the current study, we further demonstrated that hypoxia upregulated Kupffer cell HIF-1␣ expression and enhanced phagocytic capacity. Although myeloid cell activities are regulated by HIF-1␣, 30, 31 this does not explain our findings that Kupffer cells had a decreased phagocytic capacity following trauma-hemorrhage, even though HIF-1␣ levels were elevated. Thus, a pathway independent of HIF-1␣ must also be important in regulating Kupffer cell phagocytosis under those conditions. The PI3K/Akt pathway is a key signal transduction pathway involved in the process of phagocytosis. 18, 32, 33 Studies have shown that Akt activation was increased during phagocytosis. 34, 35 Furthermore, overexpression of Akt in macrophages enhanced phagocytic capacity. 36 Previous studies from our laboratory have also shown that Akt activation in various tissues and cell types was decreased following trauma-hemorrhage. [37] [38] [39] [40] Our present results reveal that although PI3K/Akt activation was inhibited following trauma-hemorrhage, it was increased after breathing hypoxic gas, thus indicating that PI3K/Akt activation is differentially regulated following those conditions. This hypoxia-induced activation of PI3K/Akt signaling has also been noted in several other cell types. [41] [42] [43] Consistent with those studies showing that the increased HIF-1␣ expression following hypoxia was regulated by PI3K/Akt signaling, 1, 44, 45 we found that accumulation of HIF-1␣ following hypoxia was diminished if Wortmannin was administered during hypoxia. Furthermore, Wortmannin administration during hypoxia suppressed Kupffer cell phagocytosis. Therefore, it can be suggested that there is a crucial link between PI3K/Akt and HIF-1␣ activation in the enhancement of Kupffer cell phagocytosis. This notion is further supported by the observation that P13K/Akt down-regulation following trauma-hemorrhage was associated with suppressed Kupffer cells phagocytic capacity, even though HIF-1␣ expression was increased under these conditions. It could be argued that, based on a physiologic point of view, it is relatively difficult to compare trauma-hemorrhage with pure hypoxia with an attendant decrease in oxygen tension. While both models similarly induced cellular hypoxia, the consequences produced during trauma-hemorrhage were probably an important element that made those cellular responses different from pure hypoxia. 46 In future studies, a modified trauma-hemorrhage model that eliminates the effect of low perfusion (such as by bleeding the animals from one femoral artery while replacing volume with crystalloid through the femoral vein) might be necessary to clarify the role of hypoxia on the regulation of P13K/Akt activation. Furthermore, considering the therapeutic potential of Akt activation to maintain innate immunity following trauma-hemorrhage, administration of an Akt activator/agonist might well be an option.
The elevated HIF-1␣ levels following trauma-hemorrhage may result from either stabilization of the protein from degradation by hypoxia or increased HIF-1␣ production through activation of various pathways. 47 Other than PI3K/Akt signaling, the mitogenactivated protein kinase (MAPK) reaction cascades such as p38-MAPK are another major pathway involved in HIF-1␣ activation. [47] [48] [49] In this regard, Kupffer cell p38-MAPK was activated following trauma-hemorrhage and that resulted in increased inflammatory cytokine production. 50 HIF-1␣ has been shown to mediate the increased inflammatory response in cardiomyocytes 51 and Kupffer cells (unpublished data) under such conditions. Taken together with those reports demonstrating the critical role of HIF-1␣ on regulating inflammatory cell function, 31 it can be concluded that the increased HIF-1␣ expression following trauma-hemorrhage plays a role in the inflammatory response of Kupffer cells via activation of the p38-MAPK pathway.
It could also be argued that the present study used only one time point, ie, 2 hours after trauma-hemorrhage or hypoxia, and thus it remains unknown whether similar differences in Kupffer cell phagocytosis between trauma-hemorrhage and hypoxia exist for longer intervals of time. Although other time intervals have not been examined in this study, our previous studies have shown that if a depression or enhancement of immune cellular function was evident at 2 hours, it was also evident at 24 and 48 hours after an insult. 19, [52] [53] [54] Based upon those studies, 19, [52] [53] [54] it would appear that the differences in Kupffer cell phagocytosis following traumahemorrhage and hypoxia would be expected to exist for longer periods of time after those insults.
In summary, this current study demonstrated that cellular hypoxia and up-regulation of HIF-1␣ was not the exclusive factor that controlled phagocytosis. The results of cellular responses to decreased oxygen tension could be differentially regulated by different factors that induce cellular hypoxia.
